Introduction
Current guidelines highlight the need to manage hyperglycemia effectively while avoiding hypoglycemia in hospitalized patients. 1 Frequent glucose monitoring is essential for monitoring and adjusting therapy; however, this requires extensive nursing efforts, which may be limited, especially outside of the intensive care unit (ICU). Continuous subcutaneous glucose monitoring (CGM) may be an important tool for use in addition to point-ofcare glucose measurements in hospitalized patients. According to a consensus panel on CGM, the mean absolute relative difference (MARD) for specific glucose ranges varies from 10% to 20%. Furthermore, only 60% to 80% of the glucose readings fall in the Clarke A zone, which is significantly lower than what can be achieved with capillary blood glucose (BG). 2 Hence, CGM has not been used for stand-alone glucose measurement. These estimates are generally higher for professional CGM compared with real-time CGM, because calibration is performed retrospectively.
In the ICU, various factors, including hypotension, hydration, acid-base disturbances, oxygenation, and drug interferences, are known to affect the accuracy of pointof-care devices. 3 These factors may similarly affect the accuracy of CGM. In the ICU, various studies have demonstrated limited, but "acceptable," accuracy. [3] [4] [5] [6] [7] [8] [9] However, there are no data to support the use of CGM outside of the ICU (non-ICU), where fewer nursing resources are available and where fewer interfering conditions may exist. In particular, heart failure and severe hyperglycemia (SH) are common outside of the ICU and may pose unique challenges to the sensor environment and signal stability. No study has specifically addressed these conditions separately. Interim data from an ongoing study to compare intravenous (IV) and SQ insulin in patients hospitalized with hyperglycemia and heart failure exacerbation (ClinicalTrials.gov, NCT00812253) suggested that CGM accuracy would be comparable to outpatient CGM. Therefore, a comparison was performed with existing outpatient data and with a small sample of hospitalized patients without heart failure.
The objective of this study was to evaluate the accuracy of interstitial glucose measurements in hospitalized non-ICU patients with SH or congestive heart failure (CHF) exacerbation and to compare with nonhospitalized outpatients with diabetes.
Methods
Study subjects consisted of three groups (CHF, SH, and outpatients). The CHF group consisted of insulin-requiring subjects with symptomatic CHF exacerbation who were randomly assigned to IV or SQ insulin as part of an ongoing study. The SH group consisted of patients admitted to the medical floor who were requiring an insulin infusion for uncontrolled hyperglycemia. Severe hyperglycemia was defined, therefore, as that which is sufficient to warrant an insulin infusion at admission and is determined by the admitting team. Exclusion criteria for both groups included critical illness (ventilator, hypotension requiring pressors), end-stage renal or liver disease, and pregnancy. The outpatient group consisted of patients with diabetes who were referred by the patient's endocrinologist to the institution's diabetes research center for placement of a retrospective (professional) CGM device. All studies were approved by the Institutional Review Board at Ohio State University, and all prospectively studied patients signed informed consent.
All patients receiving IV insulin (half of the CHF group and all of the SH group) were managed using our hospital's standard nursing run protocol, which was adapted from a published protocol and has a target glucose of 110-150 mg/dl. 10 Subjects treated with IV insulin also received dextrose 5% in half-normal saline at 10 ml/h, according to hospital guidelines. Among patients receiving SQ insulin, basal and prandial insulin were administered in approximately equal total daily doses with adjustments based on a published algorithm. 11 The major exceptions were that prandial insulin was delivered according to carbohydrate intake based on total daily dose (as opposed to fixed meal doses) and that the target glucose range was 100-150 mg/dl (as opposed to 140 mg/dl).
All subjects wore the CGMS iPro ® (Medtronic, Minneapolis, MN), which was inserted on the abdomen and downloaded using CGMS solutions software according to manufacturer guidelines. The CGM sensors (Sof-Sensor TM , Medtronic, Minneapolis, MN) were worn for at least 24 h. Capillary glucoses were analyzed with the ACCU-CHEK Inform ® system (Roche, Indianapolis, IN) in hospitalized patients and the FreeStyle Lite (Abbott, Abbott Park, IL) in outpatients and were used to calibrate the sensor according to manufacturer guidelines. Capillary glucoses were collected hourly during insulin infusions and every 4-6 h otherwise. However, only glucoses at four predetermined time points per day (premeal and at bedtime closest to 7 am, 11 am, 4 pm, and 9 pm) within the allowable glucose limits of the software (40-400 mg/dl) were used to calibrate the CGM device. Points of time with rapid change in glucose were not excluded. In the CHF group, brain natriuretic peptide (BNP) was analyzed at baseline as well as change in plasma volume, which was calculated with the hemoglobin and hematocrit from successive days, as published previously. 12 No such patients were actively bleeding or received blood transfusions.
Glucose readings were compared by calculating the mean absolute difference (MAD) and MARD between interstitial glucose (Medtronic, Minneapolis, MN) and the reference capillary glucose method. Pearson's correlation coefficients were calculated overall and for each group. The data were further stratified by glucose ranges and analyzed separately. There were insufficient glucose values in the hypoglycemic range for adequate comparisons. Therefore, glucose ranges were chosen so that direct comparison could be made with a previous ICU study. 5 Clarke error grid analysis (EGA) and the continuous glucose error grid analysis (CG-EGA) were performed for standard accepted accuracy criteria for interstitial and capillary glucose monitors. 13, 14 Comparisons between groups were conducted using analysis of variance with adjustment for multiple comparisons using the Tukey-Kramer honestly significant difference method. 15 A p value < 0.05 was considered statistically significant. Multiple linear regression analyses were conducted using least squares linear regression with backward stepwise method. The dependent variable was MARD and the independent variables were group, age, race, gender, duration of diabetes, coronary artery disease, body mass index, hemoglobin A1c (HbA1c), first sensor glucose, sensor mean glucose, sensor glucose coefficient of variation (CV) as a measure of glycemic variability, 16 treatment type, and creatinine. The variables were chosen based on effect estimates from univariable analyses. Statistical analyses were performed using JMP 8.0 software. The EGAs were performed using static glucose EGA and CG-EGA software (The Epsilon Group).
Results
The study sample included 43, 15, and 88 patients in the CHF, SH, and outpatient groups, respectively. Baseline characteristics for all groups are shown in Table 1 .
All together, the CHF, SH, and outpatient groups yielded 470, 164, and 2150 meter-sensor pairs, respectively. In light of the difference in indication for insulin infusion (research versus clinical indication), the admission glucose for the two hospitalized groups differed as expected (188 versus 509 mg/dl, p < .001). However, the first sensor glucose (163, 178, and 183 mg/dl in the CHF, SH, and outpatient groups) did not differ significantly (p = .35 overall, p = .32 for comparison between the inpatient groups). There were differences in mean glucose (151, 180, and 183 mg/dl in the CHF, SH, and outpatient groups) and CV (21.1%, 23.4%, and 40.9%) overall (p < .0001 for both) and between the CHF and outpatient groups (p = .007 for mean glucose and p < .0001 for CV). There were 3, 4, and 199 pairs with the reference value in the hypoglycemic range (<70 mg/dl in the CHF, SH, and outpatient groups, respectively, and there was more time spent in hypoglycemia in the outpatient group compared with the CHF group (p < .0001).
The correlation coefficients were 0.88, 0.85, and 0.96 for the CHF, SH, and outpatient groups, respectively (p < .0001 for all). The MARD was 9.6%, 16.2%, and 11.1% in the CHF, SH, and outpatient groups, respectively, which was statistically significantly different overall (p < .0001) but not between the CHF and outpatient groups (p = .19). Similarly, the MAD was significantly different overall (p < .0001) but not between the CHF and outpatient groups (p = .098).
We further analyzed MARD by glucose strata (<100, 100-150, 151-200, >200 mg/dl, Table 2 ). The results showed a significant association between glucose stratum and MARD (p < .0001 in CHF and outpatient groups, p = .0498 in the SH group). Except for the stratum <100 mg/dl, MARD was higher in the SH group compared with the CHF group. There were no stratum-specific differences between the CHF and outpatient groups.
An EGA was performed separately for each group (Figure 1) . In the CHF group, 85.7% of pairs fell in zone A (indicating that the meter was within 20% of the reference or both meter and reference were <70 mg/dl, resulting in a correct and safe treatment decision) compared to 85.9% in outpatients and 69.5% in the SH group (p = .91 in CHF versus outpatient, p < .0001 overall). The percentage of pairs in zone A+B was 99.1%, 96.9%, and 97.7% in the CHF, SH, and outpatient groups, respectively (p = .09 overall). Zone A and zone B are considered clinically acceptable. Zone C accounted for 0%, 0.6%, and 0.1% of pairs in the CHF, SH, and outpatient groups, while zone D accounted for 0.9%, 2.4%, and 2.2% of pairs in the groups, respectively. There were no pairs in zone E, erroneous treatment.
We then performed CG-EGA (Table 3) , which calculates both point and rate accuracy in error matrices for determining the clinical accuracy of treatment decisions.
The accuracy of CGM readings was evaluated separately in the following strata: hypoglycemia (BG ≤ 70 mg/dl), euglycemia (70 < BG ≤ 180 mg/dl), and hyperglycemia (BG > 180 mg/dl; Table 3 ). In the hypoglycemic range, 78%, 67%, and 75% of pairs were in zone A (p = .001 overall) compared with 82%, 91%, and 71% of pairs in the euglycemic range (p < .001) and 90%, 94%, and 70%
in the hyperglycemic range (p < .001) in the outpatient, CHF, and SH groups, respectively. However, accurate readings (zone A+B) occurred in 78%, 67%, and 75% of pairs in the hypoglycemic range; 100%, 100%, and 98% of pairs in the euglycemic range; and 99%, 98%, and 92% of pairs in the hyperglycemic range.
The initial linear regression model demonstrated a significant association between SH versus CHF (p = .008) and borderline trend for association with the CV (p = .07) and route of insulin (IV versus SQ, p = .07), but neither mean glucose nor first sensor glucose were significant predictors ( Table 4 ). In the final model, CHF was associated with decreased MARD versus the SH group (an estimated 0.04% difference, p < .0001) and increased MARD versus the outpatient group (an estimated 0.07% difference, p = .002) after adjusting for CV. There was no interaction between mean glucose and CV (p = .20). Conversely, CV was statistically significantly associated with MARD (p = .014) after adjusting for patient groups, with an estimated 0.001% increase in MARD for every 1% increase in CV. In the CHF group, MARD was not associated with baseline BNP (r = 0.15, p = .38). However, MARD was significantly higher in CHF subjects receiving IV insulin compared with SQ insulin (8.3% versus 11%, p = .04), and this remained significant after adjusting for CV. Change in plasma volume was not associated with MARD in patients with CHF (r = 0.11, p = .52) or in patients with SH (r = 0.31, p = .30).
Discussion
Congestive heart failure and SH requiring IV insulin are commonly encountered conditions in hospitalized non-ICU patients and may pose unique potential challenges to sensor accuracy. Overall, accuracy in subjects with CHF was acceptable, with most readings falling in EGA and CG-EGA zones A+B. The CHF group actually had more sensor-meter pairs in zone A of the CG-EGA euglycemic range than the other groups, but MARD was slightly higher in the CHF group compared with outpatients after accounting for differences in glycemic variability. In contrast, accuracy appeared to be suboptimal in subjects admitted with SH. The major exception was the hypoglycemic range, in which all groups appeared to have suboptimal accuracy, although solid conclusions can only be drawn for the outpatient group, where hypoglycemia was more frequent. Rapid glucose change affects the accuracy of CGM because of a time lag between sampling and signal detection and is a well-known phenomenon. 17 This was reflected in the association between glucose CV and MARD overall in this study and after adjustment for multiple other variables.
In comparison, the largest study in hospitalized patients to date reported 174 medical ICU patients requiring intensive insulin therapy, with 2045 sensor-meter pairs using similar real-time or retrospective CGM systems. The authors reported an overall MARD of 7.3%, 99.1% of subjects in insulin titration EGA zones A+B, and a correlation coefficient of 0.92.
From the unadjusted analysis, glucose stratum-specific MARD differed substantially across the two inpatient groups, but the CHF and outpatient groups did not differ. However, adjusting for glycemic variability (which was higher in the outpatient group in which the majority of patients had type 1 diabetes) uncovered only a small difference between outpatients and subjects with CHF. Although no direct measures of edema, tissue oxygenation, or perfusion were available, neither BNP nor the indirect measure of change in plasma volume was associated with the MARD. However, in subjects with CHF who were randomly assigned to IV or SQ insulin, IV insulin was also independently associated with MARD, even after adjusting for CV. This raises the question of whether other factors, such as unmeasured fluid shifts, may be important, at least in subjects with CHF, even though the total amount of fluid obtained from IV insulin is small. One small study conducted in pediatric patients showed no significant association between sensor performance and a radiologic index of edema. 6 Other studies have not identified associations between sensor accuracy and vasopressor use. 7, 8 More research is needed to further investigate these questions; however, this is the first such study of CGM accuracy in subjects with symptomatic CHF requiring hospitalization.
Perhaps more striking than the differences between the CHF and outpatient groups is that, even after adjustment for CV, there was still a significant difference between the SH and CHF groups, suggesting that known CHF alone may be less important than other factors that are specific to patients with SH, even among subjects who do not require ICU care. The relative importance of factors such as dehydration or mild acidosis are unclear. We did not identify an association between change in plasma volume and sensor accuracy in patients with SH, but the sample size was limited for making this conclusion. In addition, some effect of glucose legacy may play a role, as suggested by the dramatic difference in admission glucose and HbA1c (in comparison, the initial sensor glucose did not differ) among groups. This could be mediated by local tissue changes during prolonged hyperglycemia (such as glycosylation or inflammation). Of note, the most dramatic change in glucose in the SH group was probably not captured by CGM since subjects had been brought under more reasonable control by the time the sensor initialized. These data are novel in that previous studies in hospitalized patients have not specifically targeted enrollment to subjects with SH. [3] [4] [5] [6] [7] [8] [9] The study is limited by the comparison of patients who underwent CGM for different indications, resulting in differing overall glycemic control and glucose variability. We did adjust for many factors in our models, but residual confounding is possible. It is possible that patients in the SH or outpatient groups could have had cardiac dysfunction since formal assessments were not performed, but none had active heart failure exacerbation on clinical grounds. In addition, the calibration of CGM was performed using a different glucometer in the inpatients and outpatients in accordance with the usual practice at our institution, and this could affect the results. Capillary instead of venous or arterial glucose readings were reported in many, 4,6-9 but not all, 5 ICU studies. Although we specifically excluded patients who were hypotensive, small studies suggest that edema may also affect the accuracy of capillary glucose values. 18, 19 Therefore, it may be possible that some of the inaccuracy attributed to CGM in the hospitalized patients may actually be due to the capillary glucose used for calibration. While non-critically-ill patients routinely undergo venipuncture once daily, it is unclear whether the additional accuracy provided by four blood draws per day would be cost-effective or practical for routine calibration of CGM on the wards. Regardless, the use of capillary glucose for calibration does not appear to explain all of the difference in MARD, which was still lower in patients with CHF compared with those with SH. Our conclusions are limited by the relatively small number of meter-sensor pairs in the hypoglycemic range.
It is worth emphasizing that conclusions using professional CGM may not be valid with real-time use because of differences in calibration that favor professional CGM.
The iPro software, in particular, has the benefit of utilizing all calibration points in its recording period for calibration. However, the study offers novel insights that warrant additional study. Future comparisons between glucose-matched hospitalized patients with or without CHF or SH are needed.
Conclusions
This study demonstrates that glycemic variability, CHF, and SH requiring IV insulin were small but significant independent predictors of lower CGM accuracy and that sensor accuracy was suboptimal (at least in the outpatient group) during hypoglycemia. In subjects with CHF, MARD was associated with IV insulin but not BNP or change in plasma volume. The findings should be considered in the future application of CGM in hospitalized non-ICU patients.
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